The detection of terahertz electromagnetic waves is crucial for emerging applications within this frequency band, such as spectroscopy, imaging, and communication. Extending the well-developed uncooled infrared focal plane array technology to terahertz frequency regime would be very attractive, but high absorption in the terahertz region with a subwavelength pixel is necessary. In this paper, we proposed a meander line nanoantenna (MLNA) absorber with a metal-insulator-metal structure for subwavelength terahertz absorption. 89% absorption is achieved at the wavelength of 155 μm with a 10 μm pitch size. The MLNA absorber is polarization insensitive and can maintain a high absorption when the incident angle is within 40°. We expect that the proposed MLNA absorber can be integrated with the small pixels of uncooled infrared focal plane array for terahertz detection.
Introduction
The terahertz (THz) range of electromagnetic spectrum has received fast growing research interests in the past two decades, due to a wide variety of applications in this frequency band such as the spectroscopic study of molecules in tracing gases, explosives and drugs, the noninvasive imaging for medical and surveillance purposes and the wireless communication [1] , [2] . In all these applications, detectors of THz radiation play an indispensable role. Like the detectors in the mid-wave infrared (MWIR) and long wave infrared (LWIR) region, the majority of existing THz detectors can be categorized into photon detectors and thermal detectors [2] , [3] . Photon detectors can achieve Vol. 10, No. 4, August 2018 4600409 high responsivity and fast speed, but require cryogenic cooling to prevent thermally generated charge carriers. Thermal detectors, such as bolometers, pyroelectric detectors and Golay cells have modest responsivity and lower speed, but they can operate at room temperature without the need of cooling equipment [3] . As a particular example, microbolometer has long been used to detect the LWIR radiation via the heat induced resistance change in the sensing materials (typically vanadium oxide or amorphous silicon) [3] . The number of pixels of latest microbolometer based focal plane arrays(FPAs) has surpassed 10 6 level [4] , [5] , while the pixel pitch has been reduced from 50 μm to 10 μm and is now approaching 5 μm [6] - [8] . Since thermal effects are generally wavelength independent, thermal detectors operating at LWIR and far-IR regions can also be used in THz band. Therefore, it would be meaningful if the pixels of the well-developed uncooled IR FPAs can be reconfigured for THz applications.
Towards this end, we propose using plasmonic nanoantennas as single pixel level integrated sub-wavelength THz absorber to configure the THz response of the microbolometer. Plasmonic nanoantennas are metallic nanostructures which can convert the freely propagating electromagnetic waves into strong near fields at the surface of these nanostructures via localized surface plasmon resonances [9] , [10] . The non-radiative decay process of plasmons will elevate electron temperature via electron-electron interactions, and finally give rise to higher lattice temperature [11] . Such thermal effects of plasmonic nanoantennas have been used as nanoscale heat sources in thermal infrared detection [12] - [14] , solar cell [15] - [17] , and medical therapy [18] . In the context of THz detection with uncooled IR FPAs, it is also possible to integrate plasmonic nanoantennas with each pixel of the FPAs as sub-wavelength THz absorber and light-to-heat converter [19] - [22] . Compared to conventional broadband absorbers such as metal black and carbon nanotubes, plasmonic nanoantenna absorbers are inherently spectral selective due to their resonant nature. Additionally, they can also be polarization selective via structural design. When combined with the well-developed uncooled FPA technology, plasmonic nanoantenna absorbers can convert each pixel of the FPA into a frequency-selective and/or polarization selective detector, thus mitigating the need of external optical filters and polarizers [23] - [25] . Such FPAs with pixel-level integrated spectral and polarization selectivity are useful in spectroscopic analysis, hyperspectral imaging and polarization imaging. However, for THz band, one challenge is that the pixel of IR FPAs is very small compared to the wavelength of THz radiation and will become even smaller in the future [6] . Although there have been some research efforts towards the integration of plasmonic nanoantennas onto the infrared sensing pixels, the sizes of the implemented nanoantennas are relatively large compared to the working wavelengths [19] , [22] . Therefore, to accommodate the FPAs with small pixels, the integrated plasmonic nanoantennas need to be carefully designed to achieve a high absorption in the THz band with a footprint as small as ∼10 μm, or even smaller. We define η = l peak /P antenna as a simple figure of merit, where l peak is the center wavelength of the spectral range where the plasmonic nanoantenna has high THz absorption and P antenna is the pitch size of the nanoantenna. For example, assuming the pitch size P antenna = 10 μm, η = 10 means the nanoantenna has a high absorption at λ peak of 100 μm (3 THz) while η = 20 corresponds to a λ peak of 200 μm (1.5 THz). Apparently, for a small pixel to be responsive to THz radiation, a large η is desired. Besides the requirement of small footprint, the integrated nanoantenna absorber also needs to be thin, in order to maintain a small thermal mass. Therefore a careful design of the antenna structure and a systematic optimization of the geometric parameters are needed to obtain a large λ peak with a small footprint P antenna and a small total thickness of the nanoantenna absorber.
In this paper, we propose and investigate a plasmonic nanoantenna absorber with a metalinsulator-metal (MIM) trilayer structure: a top layer of metallic nanoantennas, a middle layer of dielectric spacer and a metallic bottom layer with thickness much larger than the skin depth of the incident electromagnetic waves. Such an absorber is simple to fabricate and can be integrated onto infrared pixels via planarized nanofabrication processes. To achieve a large absorption wavelength λ peak with a small footprint P antenna , we resort to the meander line nanoantenna (MLNA) configuration which has been well developed in the radio wave frequency range for electrically small antennas [26] - [30] . The idea of the MLNA is that by folding a long straight nanostrip antenna into a meandered configuration, the working wavelength λ peak remains unchanged while the footprint P antenna of the antenna is minimized. In addition to the foot-print of the MLNA, the total thickness of the absorber also needs to be minimized to keep a small thermal mass. By carefully configuring the MLNA in the top layer and optimizing the thickness of the spacer, the MLNA absorber can achieve a high absorption at λ peak = 155 μm (∼2 THz) with a pitch size P antenna of 10 μm and the spacer thickness is 3 μm. The corresponding compress ratio η is 15.5:1. Another concern in the design of MLNA is its bandwidth. Although the MLNA based MIM absorber is intrinsically narrowband, we show that its bandwidth can be broadened by the optical loss in the spacer. To better evaluate the usefulness in THz sensing, in Table 1 we compared the proposed structure with other reported work in which plasmonic nanoantennas are integrated with THz sensing pixels [19] - [22] . It can be seen that the MLNA based absorber can achieve a larger η and at the same time still can keep a high absorbance and a relatively broad bandwidth (low quality factor). Finally, when integrated with the small pixels of FPAs, the MLNA absorber can only have finite array size and air gap may also exists between the neighboring pixels. Therefore we also study the influences of the MLNA array size and the air gap on the optical responses of the absorber. We expect the designed structure to be a very useful sub-wavelength THz absorber which can be integrated with small pixel IR FPAs for THz applications.
Design
Fig. 1(a) shows the proposed meander line nanoantenna absorber consisting of the top gold meander line nanoantenna with a highly resistive dielectric spacer layer and a gold backplate. The thickness of the gold backplate (h 3 = 100 nm) is made thick enough to ensure near zero transmittance of terahertz radiation. The relevant parameters of the nanoantenna include: the pitch size P of the unit cell, the side length of the antenna P · ratio, the gap size g, the length and width of the antenna's elongated part L, d 2 , the distance d 1 between the elongated part and the center of the unit cell, and the width of the nanostrip w. We simulated the nanoantenna absorber using COMSOL, a full wave electromagnetic simulation tool. Fig. 1 (b) depicts the simulation configuration of a single unit cell of the nanoantenna array. The heights of the three layers from top to bottom are h 1 , h 2 , h 3 , respectively. We used frequency independent conductivity σ = 4.09 × 10 7 S/m to define the gold material in the model. Port 1 is the excitation port with the electric field E of the incident THz wave along the y axis and the wave vector k of that along the z axis. Port 2 is the receiving port. Periodic conditions were used for the four sides of the unit cell to study the nanoantenna array. The transmittance (T), reflectance (R) and the absorption (A) are obtained by
where S 11 and S 21 are S parameters calculated from Port 1 and Port 2. In the simulation, we treat silicon (n = 3.4) and germanium (n = 4.0) as lossless dielectrics. For Ta 2 O 5 , both the real part n and imaginary part k are included in the simulation. As a comparison, we also plot the spectral absorption of a nanocross antenna absorber with the same period pitch size P and ratio. The spectral absorption of the nanocross antenna peaks at 97 μm with a FWHM of 40 μm. This clearly shows that by folding the nanoantenna into a meander line configuration, a much longer absorption wavelength λ peak can be obtained within a small pitch size. For verification purpose, we used another numerical solver CST Microwave Studio to simulate the spectral absorption of the same structure. As plotted by the dotted lines in Fig. 2(a) , the results from CST Microwave Studio agree well with the results from COMSOL. In order to reveal the mechanism behind the increased absorption wavelength λ peak , we plot the on-resonance near field distribution of the electric field and the magnetic field at the surface of the MLNA in Fig. 2(c) and (d), respectively. Arrows in the plots indicate the E and H vectors. As is shown in Fig. 2(c) , the electric fields are mainly enhanced in-between two neighboring MLNAs. By comparing the strengths of the localized electric field |E| and magnetic field |H| shown in Fig. 2(c) and (d), we can see the electric field is mainly enhanced in the gap between the neighboring antennas while the magnetic field is mainly enhanced inside the antenna. The resonant mode can be understood via a simple LC model in which the folded nanoantenna can be considered as an equivalent inductor, while the gap between the neighboring antennas corresponds to an equivalent capacitor. The gap between the antenna and the backplate also corresponds to an equivalent capacitor. The point of folding the nanoantenna into a meandered configuration is to increase the length of the nanoantenna without increasing its pitch size. Using this strategy a large equivalent inductance and hence a long resonant wavelength λ peak are obtained with a minimized antenna footprint. Since the MLNA absorber has many geometric parameters, we now look into the spectral absorption of the MLNA as a function of each parameter. Firstly, the four parameters that are related to the length of the meander line are: L, d 1 , d 2 and g. Fig. 3(a) shows that when the length L of the elongated part in the meander line increases from 1.1 μm to 2.5 μm, the resonance gradually moves to longer wavelength from 155 μm to 159 μm while the absorption drops from 0.89 to 0.84. This agrees with our idea that a longer absorption wavelength λ peak can be achieved by adding the elongated part into the folded nanoantenna which increases the effective inductance of the antenna. We also tune the position and the width of the elongated part by increasing d 1 from 100 nm to 500 nm and d 2 from 0 nm to 500 nm, respectively. The corresponding peak wavelength remains almost unchanged as shown in Fig. 3(b) and (c). This is because the total length of the MLNA does not change in this case. We then vary the size g of the gap inside the meander line from 0.6 μm to 2.6 μm and find that λ peak shifts from 169 μm to 153 μm, while the absorption increases from 0.84 to 0.89 as plotted in Fig. 3(d) . This again shows that when the length of the meander line is reduced by increasing g, the effective inductance of the MLNA is decreased and hence the resonant wavelength is decreased.
Simulation and Discussion
When the nanoantenna is folded into a meander line configuration, the strip w width of the nanoantenna is limited by the available space in the unit cell. Fig. 3(e) shows that when w is increased from 0.9 μm to 1.1 μm, the absorption reaches the maximum of 0.91 at w = 1.1 μm, while λ peak drops from 158 μm to 151 μm. This indicates that the effective inductance of the nanoantenna is decreased by increasing w.
We then investigate the impact of the size of the gap between two antennas by varying ratio, or the filling factor of the nanoantenna in the unit cell. Since the electric field is mostly enhanced in the gap between two neighboring MLNAs, the gap size plays an important role in determining the effective capacitance of the MLNA. Fig. 3(f) shows that as ratio is increased from 0.85 to 0.95, the peak absorption wavelength red shifts from 139 μm to 179 μm. This is because as ratio increases, the gap size between two antennas shrinks and the effective capacitance of the MLNA increases, leading to an increased λ peak .
The last two parameters of the MLNA absorber are the thickness of the MLNA h 1 and the thickness of the spacer h 2 . In Fig. 3(g) , when the antenna height h 1 is swept from 100 nm to 800 nm, λ peak is reduced from 160.5 μm to 154.5 μm while the absorption value is increased from 0.76 to 0.91. To strike a balance between long absorption wavelength and high peak absorption, h 1 is determined to be 600 nm. Fig. 3(h) illustrates how the thickness of the spacer influences the spectral resonances. As h 2 changes from 2 μm to 4 μm, the absorption increases from 0.69 to 0.96 and the peak position shifts from 137 μm to 175 μm. Since the MLNA absorber is to be integrated onto the sensing area of thermal detectors, the spacer thickness h 2 is chosen to be 3 μm to maintain a small thermal mass and high peak absorption.
Finally, we look into the impact of the refractive index of the spacer. Fig. 3(i) compares the spectral absorption of the MLNA absorber assuming the spacer material to be silicon, germanium and Ta 2 O 5 , respectively. It is clearly shown that a larger refractive index leads to a longer absorption wavelength. This indicates that to achieve a large η ≡ λ peak /P antenna , spacer material with a large refractive index is desired. Besides, we can see that using material loss in the Ta 2 O 5 spacer leads to a larger bandwidth and the absorber still maintains a high absorption.
To give a more comprehensive analysis of our structure, we used the LC circuit model in Fig. 3(j) , which has been used to predict the resonant wavelengths of magnetic dipoles in metal-dielectricmetal absorbers [31] - [33] . Actually there exists kinetic inductance originated from the kinetic energy of the electrons inside the metal. Whereas this effect is relatively weak in large size structure, thus being ignored in our analysis [34] . At the resonant wavelength, the strong magnetic field confined in the dielectric layer between the top metallic antenna and the bottom metallic plate, is modeled as a mutual inductance L m [34] :
Where μ 0 is the permeability of the vacuum, and we take into consideration only the half of the antenna's inner length in which the current flow is large and parallel to the electric field. The separation of the top metallic antenna and the bottom metallic layer by the middle dielectric layer gives rise to an equivalent capacitor C m :
Here c is a constant between 0 and 1 in the capacitance equation considering the non-uniform charge distribution and the fringe effect. ε d = ε d + jε d is the relative dielectric constant of the dielectric layer, where ε d and ε d is the real part and imaginary part of ε d , respectively. ε 0 is the dielectric constant of vacuum.
The electric field confined in the air gap between the neighboring antennas is modelled as an effective capacitor C g :
Here, h 1 is the thickness of the antenna. The total impedance of the equivalent circuit is given by:
The total impedance can be further rewritten as:
Here,
C m , and
C m . The resonance occurs when imaginary part of Z is 0, thus the resonant frequency is given by:
We then plot how the resonant wavelength changes with respect to different geometry parameters using the LC model denoted by white triangle dots in Fig. 3(a)-(f) . The resonant wavelength predicted by the LC model agrees well with the numerically simulated absorption spectra.
In the above analysis, we assumed a plane wave excitation with the wave vector k along z axis and the electric field E along y axis. Now we look into the incident angular dependence and polarization dependence of the antenna spectral property. In Fig. 4(a) , we defined the polarization angle ϕ y as the angle between E and y axis while keeping the wave vector k along z axis. As illustrated by Fig. 4(d) , when the polarization angle ϕ y changes from 0°to 180°, the peak absorption and wavelength remain unchanged. The polarization independence of the MLNA absorber is associated with the central symmetry in its structure. For incident angle dependence, we analyzed both TE case and TM case. In the TE case, as depicted in Fig. 4(b) , the incident angle θ z is defined as the angle between wave vector k and the z axis in the x-z plane while the electric field E maintains at the y axis. Fig. 4(e) shows that when θ z is scanned from 0°to 90°, the peak wavelength of maintains at 155 μm and the absorption stays at above 80% from 0°to 40°, then drops to 70% at 55°and finally reaches 0 at 90°. In the TM case, the incident angle θ z is defined as the angle between wave vector k and the z axis in the y-z plane while the magnetic field H maintains at the x axis, as shown in Fig. 4(c) . Fig. 4(f) shows that λ peak of maintains at 155 μm and the absorption stays at above 80% when θ z is increased from 0°to 40°, then drops to 70% at θ z = 82
• and finally reaches 0 at 90°. Therefore the proposed MLNA THz absorber can maintain high absorption at 155 μm when the incident angle is less than 40°.
So far we have investigated the absorption properties of a MLNA absorber with infinitely large array size. However, the ultimate goal is to integrate the MLNA absorber onto the small pixels of FPAs. Fig. 5(a) illustrates the conceptual diagram of the microbolometer based thermal infrared FPAs in which each pixel is integrated with the MLNA absorber. The integrated MLNA absorber localizes the incident THz radiation and dissipates the electromagnetic energy into heat, which is then converted into electrical signals via the underlying vanadium oxide (VO x ) layer. In this scenario, the MLNA absorber must have a finite array size due to the limited area of the small pixel. Also, the air gap between the neighboring pixels can influence the absorption properties of the absorber. Therefore we need to look into the spectral absorption of the MLNA as a function of the array size and the size of the air gap L air . Fig. 5(b) shows the unit cell used to simulate the finite size MLNA array with air gaps on the four sides. In the simulation we included a thin layer of VO x with the thickness h 4 = 20 nm underneath the antennas (the green layer in Fig. 5(b) ) [14] . We first increase the array size from 1 * 1 to 4 * 4 and set the air gap size L air to be 1 μm. Fig. 5(c) shows that the finite size MLNA array effectively localized the electromagnetic fields insides the array and minimize the coupling between the neighboring pixels. The results in Fig. 5(d) show that the resonant wavelength of the MLNA absorber red shifts as the array size increases and the redshift is less pronounced when the array size becomes Vol. 10, No. 4, August 2018 4600409 large. In Fig. 5 (e) we plot the resonant wavelength as a function of L air assuming different array sizes. It can be seen that the resonant wavelength blue shifts as L air increases. However, when the array size is 4 * 4, the shift in the resonant wavelength caused by L air is less than 10 μm. This indicates that in practice a MLNA absorber with 4 * 4 array can effectively confine the electromagnetic waves. Therefore, the current design of MLNA absorber should be able to enhance the THz response of FPAs in the 140 μm -150 μm range with pixel size from 30 μm (3 * 3 units) to 50 μm (5 * 5 units).
Conclusion
In summary, we proposed and systematically investigated a MLNA based subwavelength THz absorber with polarization insensitivity and wide incident angle tolerance. A high absorption above 89% is achieved at around 155 μm with 10 μm pitch size by using a meander line nanoantenna configuration. The compress ratio η of λ peak to P antenna is 15.5:1. Antenna parameters are systematically studied and optimized values are chosen to maintain a high absorption in the THz region. When choosing the optimized values, we have also taken into consideration the tool limits of nanofabrication. Since the proposed nanoantenna THz absorber is polarization insensitive and can maintain a high absorption (∼80%) up to 40°. We also evaluated the performance of the finite array of MLNA integrated with the small pixel of FPAs. We emphasize that the peak absorption wavelength of the nanoantenna absorber can be tuned by simply scaling the size of the antenna parameters to find a balance between high absorption and large tuning range. The relatively broad FWHM of 46 um makes it possible for detector to receive more Terahertz radiation. Also polarization sensitive detection can be realized by using centrally asymmetric antennas. The designed MLNA structure can be fabricated using standard electron-beam lithography and metal lift-off process [35] , while the spacing layer of Ta 2 O 5 can be deposited using various sputtering methods [36] . The other parts of the microbolometer can be produced following the same fabrication processes of the IR FPAs [37] . Therefore, we envision the proposed structure to open a new route towards THz detection with well-developed uncooled IR FPA technology.
